-en-19-oic acid (kaurenoic acid, KA) is a tetracyclic diterpene prototype for natural anticaries agents. Six KA derivatives were prepared and their antimicrobial activity against the main microorganisms involved in the caries process evaluated. The sodium salt of KA (KA-Na) was the most active, displaying very promising MIC values for most pathogens. Time-kill assays against the primary causative agent of caries (Streptococcus mutans) indicated that KA and KA-Na only inhibited growth in the first 12 h, suggesting a bacteriostatic effect. After this period (12-24 h), their bactericidal effect was clearly noted. KA and KA-Na showed no synergy when combined with the gold standard anticariogenic (chlorhexidine dihydrochloride, CHD) in the checkerboard assays against S. mutans.
Dental caries is a common oral bacterial pathology caused by a biofilm consisting of microorganisms adhered to the tooth surface [1, 2] , which may cause demineralization of the tooth hard tissues and tooth loss [3] . It has been experimentally demonstrated that Streptococcus mutans is responsible for the beginning of the caries process, being followed by other aerobic bacteria [2] .
The most efficient procedure for caries prevention is removal of the tooth surface biofilm (dental plaque), but complementary measures like the use of mouthwashes containing anticaries compounds are also important [4, 5] . Currently, chlorhexidine dihydrochloride (CHD) is considered a gold standard anticariogenic and has received the approval of the American Dental Association Council on Dental Therapeutics [2] . However, the regular use of oral care products containing this chemical is often associated with several side effects [6] [7] [8] . In addition, CHD is much less effective in reducing the levels of Lactobacillus, which are strongly related to caries evolution [2] . These problems, therefore, denote that finding new effective anticaries compounds is essential.
Recently, our research group has demonstrated that KA (1), a kaurane-type diterpene, is able to inhibit the growth of the main microorganisms responsible for dental caries with very promising minimal inhibitory concentration (MIC) values. It was also pointed out that KA may be useful in the further development of natural anticaries agents [2, 8] . In agreement with our early findings, and as part of our ongoing efforts to find out new anticaries agents, derivatives of KA (1) were prepared by semi-synthetic means and their antimicrobial activity against cariogenic bacteria investigated. Moreover, the kinetic and synergistic aspects of 1 and its most active analogue KA sodium salt, KA-Na (2), against the most important cariogenic microorganism (S. mutans) were studied to understand their anticariogenic potential. The chemical structures of KA (1) and their semi-synthetic analogues (2-7) are presented in Figure 1 .
KA-Na (2) displayed the highest antibacterial activity (Table 1) , with MIC values lower than 10 μg.mL -1 for the following microorganisms: S. mutans, S. salivarius, S. sobrinus, S. mitis, and L. casei. Derivatives (3-7) were inactive with MIC values higher than 100 μg mL -1 for all the tested microorganisms. Positive Control (PC) -Chlorhexidine dihydrochloride; * Previously reported data [2] ; # inactive in the assay conditions; negative control (4% DMSO solution) did not affect the growth of microorganisms. Comparing the micromolar MIC values observed for 1 [2] and its sodium salt 2 against the tested pathogens ( Table  1) , reveals that the latter is almost two-fold more active against S. mitis, S. sobrinus, and L. casei. Moreover, this compound is also much more effective against S. salivarius (approximately twenty-fold). On the other hand, 2 is less active against S. sanguinis and E. faecalis.
That compound 2, the sodium salt of 1, exhibits improved antimicrobial activity against S. mutans is important because very few natural compounds are known to inhibit this microorganism [9] , one of the primary causative agents of dental caries [8] . The sodium salt of ent-pimara-8(14),15-dien-19-oic acid, another acid diterpene, also has enhanced antimicrobial activity [8, 10] .
The synergistic and kinetic aspects of the antimicrobial activity of both 1 and 2 were investigated by first determining their minimal bactericidal concentration (MBC) values to establish the initial test concentrations (20 and 15 μg.mL -1 , respectively for 1 and 2). The timekill curve ( Figure 2 ) revealed that 1 and 2 only inhibited growth for the first 12 hours, indicating a bacteriostatic effect. After this period (12-24 h), their bactericidal effect was clearly noted. Time-kill curves using two and three times the MBC values were also constructed (data not shown), however no statistical differences were demonstrated within the periods of time and assay conditions examined.
Analysis of Figure 2 also shows that at 66.1 µM (20 µg mL -1 ) 1 gives rise to a time-kill curve profile that is very similar to those obtained in the case of CHD at 6.9 µM (4 µg mL -1 ) and 2 at 46.2 µM (15 µg mL -1 ) (p<0.05). These data confirm that 2 is almost one and a half times more potent than 1. However, CHD, the gold standard anticariogenic, is about ten and six times more potent than 1 and 2, respectively. Nevertheless, several adverse effects are associated with the regular use of CHD [6] [7] [8] .
Combinations of CHD with 1 or 2 gave no evidence of synergy when the checkerboard methodology [11] was employed. According to these authors, the obtained FIC index for both compounds (2.60 for 1 and 2.32 for 2) means "indifference".
In conclusion, the above results confirm that KA and its sodium salt are important compounds in the search for new anticaries agents. Moreover, the antimicrobial results can be used to study docking and QSAR in association with data from other diterpenes.
Experimental
General: NMR spectra were recorded on a Brüker DPX 400 spectrometer (400 MHz for 1 H and 100 MHz for 13 C). Samples were dissolved in CDCl 3 or CD 3 OD, and the spectra were calibrated with the solvent signals at 7.26 and 3.30/4.84 ppm ( 1 H) or 77.0 and 49.0 ppm ( 13 C), respectively.
Isolation of KA:
Certified dried leaves of Mikania hirsutissima (1.0 Kg) were purchased from "Nutri Comércio de Ervas LTDA", São Paulo, SP, Brazil. The plant material was pulverized and then exhaustively extracted with dichloromethane (3.5 L) at room temperature, to give 42.0 g crude extract, which was suspended in 300 mL methanol/H 2 O (9:1) and filtered. The soluble fraction was partitioned using n-hexane (300 mL, four times), which resulted in 6.0 g hexane-soluble fraction after solvent evaporation under reduced pressure. The n-hexane-soluble fraction was chromatographed over Si gel 60 (0.063-0.200 mm) using vacuum chromatography [12] with n-hexane and increasing amounts of ethyl acetate as eluents (250 mL each fraction). The second fraction (1730.0 mg) was washed with cold methanol, to afford KA (1, ent-kaur-16(17)-en-19-oic acid; 800.0 mg), which was identified by spectroscopic analysis and comparison with literature data [13] .
Semi-synthetic derivatives: 1 (50.0 mg; 0.165 mmol) was dissolved in 5 mL n-hexane and shaken with 5 mL of a 0.5 M NaOH solution. The aqueous phase, which contained the KA sodium salt as a precipitate, was filtered thru a Büchner funnel and washed with cold water to furnish compound 2 (sodium ent-kaur-16(17)-en-19-oate; 40.0 mg) [14] . To 200.0 mg (0.660 mmol) of 1 was added an ether solution of diazomethane and enough acetic acid to destroy the remaining diazomethane. Removal of the [15] . To a solution of 1 (50.0 mg; 0.165 mmol) in MeOH (2 mL) was added two drops of concentrated H 2 SO 4 , the mixture stirred at 25 o C for 18 h, poured into water (20 mL) and extracted with ethyl acetate (3 x 20 mL). The combined organic layers were dried over MgSO 4 , filtered and concentrated in a rotary evaporator to yield 5 (ent-16α-methoxykauran-19-oic acid; 35 mg). The same procedure was repeated using 3, which led to 40.0 mg of compound 6 (methyl ent-16α-methoxykauran-19oate; 37.0 mg) [16] . Compound 3 (50.0 mg; 0.165 mmol) was reduced using LiAlH 4 (7.5 mg; 0.19 mmol) in 2.5 mL anhydrous THF. The reaction mixture was stirred for four hours under reflux and, after addition of a small amount of acidic water to destroy the remaining LiAlH 4 , a mixture of 4 and 7 was obtained by extraction with ethyl acetate (3 x 5 mL) and solvent evaporation [17] . Compounds 4 (ent-kaur-16 (17) , ent-16α-methoxykauran-19-oic acid (5), methyl ent-16α-methoxykauran-19-oate (6) [16] , ent-kaur-16(17)-en-19-ol (4) [17, 18] , ent-kaur-15(16)-en-19-ol (7) [19] .
Determination of Minimal Inhibitory Concentration and Minimal Bactericidal Concentration:
The MIC values of the investigated diterpenes (2-7) were determined in triplicate, by means of the microdilution broth method [2, 8] . Standard strains from the American Type Culture Collection of the following microorganisms were employed: Streptococcus salivarius (ATCC 25975), Streptococcus sobrinus (ATCC 33478), Streptococcus mutans (ATCC 25275), Streptococcus mitis (ATCC 49456), Streptococcus sanguinis (ATCC 10556), and Lactobacillus casei (ATCC 11578). The samples were dissolved in DMSO (dimethyl sulfoxide) at 1 mg mL -1 , followed by dilution in tryptic soy broth to concentrations ranging from 100 to 1 g.mL -1 . The final DMSO content was 5% (v/v), and this solution was used as the negative control. The inoculum was adjusted for each organism to give a cell concentration of 5 x 10 5 colony forming units (CFU) mL -1 as previously standardized by the National Committee for Clinical Laboratory Standards [20] . One inoculated well was included to allow control of the adequacy of the broth for organism growth. One noninoculated well, free of antimicrobial agent, was also included, to ensure medium sterility. CHD was used as positive control. The microplates (96 wells) were sealed with plastic film and incubated at 37 o C for 24 h. Before the addition of resazurin and in order to determine MBC, an aliquot of the inoculum was aseptically removed from each well presenting no apparent growth and then plated onto tryptic soy agar supplemented with 5% sheep blood. The plates were incubated as described above. Determination of the MBC values against the main cariogenic microorganism (S. mutans) was performed only for KA (1) and KA-Na (2) . Resazurin (30 L) in aqueous solution (0.02%) was then added to the microplates, to indicate microorganism viability [2, 8, 21] Synergistic antimicrobial activity: Checkerboard assays were conducted according to the protocol previously described by White et al. [11] , to investigate the in vitro antimicrobial efficacy of the combination of CHD in conjunction with and 1; the procedure was repeated for 2.
The synergy tests were evaluated in triplicate, and concentrations of each compound (1/32 to 3 times their MIC values) were combined in standard MIC format against 5 x 10 5 CFU mL -1 of S. mutans. To evaluate the synergism between CHD and the test compounds, the fractional inhibitory concentration (FIC) index values were calculated on the basis of the equation previously established in the literature [11] .
Time-kill curves:
Time-kill assays were performed in triplicate against Streptococcus mutans, based on D'Arrigo et al. [22] . Compounds 1 and 2 were chosen for time-kill curves assays, since they displayed the highest antimicrobial activities. Tubes containing 1 at final concentrations of 20.0, 40.0, and 80.0 µg mL -1 (respectively one, two, and three-times its MBC value for S. mutans) were inoculated with the tested microorganism, resulting in a starting bacterial density of 5 x 10 5 CFU mL -1 , and then incubated at 37°C. Samples were removed for determination of viable strains at 0, 5, 15, and 30 min and 6, 12, 18, and 24 hours of incubation and diluted, when necessary, in sterile fresh medium. The diluted samples (50 µL) were spread onto tryptic soy agar plates supplemented with 5% sheep blood, incubated at 37 °C, and counted after 48 h. Time-kill curves were constructed by plotting the log 10 CFU mL -1 versus time. The assays were performed in triplicate for each concentration and for the positive (CHD, 4 µg mL -1 ) and negative controls (suspension of S. mutans without added samples). CHD was used at its MBC (4 µg mL -1 ). Time-kill curves for compound 2 were also accomplished, using final concentrations of one, two, and three-times its MBC value (respectively 15, 30, and 45 µg mL -1 ).
